The adsorption of Cu 2 þ from aqueous solution by magnetite-immobilised chitin (MC) was studied in batch mode. Two conventional adsorbents, cation exchange resin (CER) and activated carbon (AC) were used for the comparison. The physicochemical parameters including pH, concentration of adsorbent, temperature and initial Cu 2 þ concentration were optimised. Under the optimised conditions, the removal efficiencies of Cu 2 þ for MC, CER and AC were 91.67, 93.36 and 89.16%, respectively. In addition, the removal capacities of Cu 2 þ for MC, CER and AC were 56.71, 74.84 and 6.55 mg/g, respectively. The adsorption isotherm studies indicated that the adsorptive behaviour of Cu 2 þ on three adsorbents could be well described by the Langmuir model. The maximum adsorption capacities (q max ) for MC, CER and AC were 53.19, 89.29 and 5.82 mg/g, respectively. The applicability of the kinetic model has been investigated for MC. Experimental results indicated that a pseudo-second-order reaction model provided the best description of the data with a correlation coefficient 0.999 for different initial Cu 2 þ concentrations. The rate constants were also determined. Various thermodynamic parameters such as standard free energy (DG 0 ), enthalpy (DH 0 ) and entropy (DS 0 ) were calculated for predicting the adsorption nature of MC. The results indicated that this system was a spontaneous and endothermic process.
Introduction
Due to the increase in industrial activities, chemical substances such as metals, organic and synthetic compounds generate pollutions in the environment and result in the deterioration of ecosystems. Unlike other pollutants, metals are non-biodegradable and contamination poses a serious threat to organisms due to their accumulation in living tissues (Volesky, 1990) . The main sources of metal pollution include the textile, electroplating, painting and dyeing industries.
Copper is a commonly used metal, however, it is very harmful if it is discharged into natural water resources and causes a serious health hazard. Acute copper poisoning after ingestion may show systemic effects such as hemolysis, liver and kidney damage, and fever with influenza syndrome. Other reported effects include irritation of upper respiratory tract, gastrointestinal disturbance with vomiting, and diarrhoea and a form of contact dermatitis (Rengaraj et al., 2004) . The removal of Cu 2 þ from industrial wastewaters has received much attention in recent years (McKay et al., 1999) . There has been considerable interest in the use of food by-products as adsorbents to remove toxic metals from aqueous solution since they are cheap and have high efficiency for adsorption of pollutants (Ho, 2005) . Food wastes such as shrimp shells (Tsui, 2000) , crab shells (An et al., 2001) , grape stalks (Villaescusa et al., 2004) and wheat shells (Basci et al., 2004) have been used to remove Cu 2 þ from aqueous solution by adsorption.
In the present study, chitin from spent shrimp shells was used as an adsorbent. Unfortunately, one of the major operational problems is the separation of chitin from the treated wastewater. Physical separation techniques such as centrifugation and filtration require a high input of energy, time and manpower to separate the metal ions-chitin complex from the treated wastewater. Thus, coating the chitin with magnetite was proposed as a new cost effective method to separate the metal ions-chitin complex from the treated wastewater by magnetic separation. Magnetite (Fe 3 O 4 ) is iron oxide, which has magnetic properties and fine particles in the mm size range. Some studies reported that magnetite has a good immobilisation ability for bacteria such as Enterobacter sp. 4-2 (Wong and Fung, 1997) and Pseudomonas putida (Sze et al., 1996) .
The aim of this study was to investigate the possible use of magnetite-immobilised chitin (MC) as an alternative adsorbent to remove Cu 2 þ from aqueous solution. In addition, two conventional adsorbents, activated carbon (AC) and cation exchange resin (CER), were used for comparison. The dynamic behaviour of adsorption was studied on the effects of pH, concentration of adsorbent, temperature and initial Cu 2 þ concentration to yield high removal efficiency and capacity. The Langmuir and Freundlich equations were applied to study the equilibrium isotherm. The kinetic and thermodynamic parameters were also determined to examine the nature of adsorption process in this system.
Methods

Production of magnetite-immobilised chitin
Two g of magnetite and 4 g of chitin were added into a 500 mL conical flask with 200 mL Milli-Q w water at unadjusted pH. The mixture was shaken at 200 rpm at 22^2 8C for 60 min. Then, the immobilised chitin was centrifuged at 30,100 £ g at 4 8C for 30 min and freeze-dried for 5 days. The freeze-dried adsorbents were stored in a desiccator for the following experiments.
Batch adsorption experiment
The adsorption experiment was performed in a 200 mL plastic bottle containing 50 mL of 100 mg/L Cu 2 þ solution. Weighed adsorbent was added and shaken by an orbital shaker at constant temperature. Solution without adding adsorbent was used as a control. At particular time intervals the mixture was settled by a magnet for 1 min and then 1.5 mL of supernatant was collected and centrifuged for 5 min. The Cu 2 þ concentration in the supernatant was determined by atomic absorption spectrophotometer (AAS). The removal capacity and removal efficiency of Cu 2 þ were calculated as following: The effects of equilibrium pH of the solution (pH 4-8), concentration of adsorbent (0.2 -400 mg/L), temperature (10-40 8C) and initial Cu 2 þ concentration (5-1,000 mg/L) on the adsorption of Cu 2 þ by the three adsorbents (MC, CER and AC) were optimised by monitoring the Cu 2 þ RC and RE under the selected conditions by the same procedures described in the batch adsorption experiment.
The Langmuir (Langmuir, 1918) and Freundlich (Freundlich, 1906) equations were applied to study the equilibrium isotherm:
where q e is removal capacity (mg/g), C e is equilibrium Cu 2 þ concentration (mg/L), q max is the maximum adsorption capacity (mg/g), b is affinity constant (L/mg), k is adsorbent capacity and 1/n is adsorption intensity.
To predict whether an adsorption system is favourable or unfavourable, the feature of the Langmuir isotherm can be expressed by means of 'R L ', a dimensionless constant referred to as separation factor or equilibrium parameter, R L is calculated by using the following equation (Webi and Chakravort, 1974) ,
where b is the Langmuir constant (L/mg) and C 0 is the initial Cu 2 þ concentration (mg/L).
Kinetic parameters of adsorption
In order to analyse the adsorption kinetics of Cu 2 þ on MC, the pseudo-first-order and pseudo-second-order kinetic models were applied to data. A simple pseudo-first order equation of Lagergren was used in this study (Bhattacharyya and Sharma, 2005) :
where q eq and q t are the concentration of metal ion adsorbed at equilibrium and at time t (mg/g), respectively, and k 1 is the rate constant of the pseudo-first-order adsorption process. Values of k 1 can be calculated from the slope of the plots of log (q eq 2 q t ) versus t for first-order adsorption kinetics. The second-order rate equation, which was called pseudo-second-order kinetic expression, has been used in this study (Ho, 2005) . The linear form of the kinetic rate equation can be written as follows:
where k 2 is the rate constant of pseudo-second-order adsorption (g/mg/min). The constant can be calculated by plotting t/q t against t. The intraparticle diffusion equation (Weber and Morriss, 1963) can be written as follows:
where C is the intercept and k p , the intraparticle diffusion rate constant (mg/g/min 1/2 ).
Thermodynamic parameters of adsorption
The equilibrium constant K a (L/mol) corresponding to the reciprocal of Langmuir constant, b (L/mg), is dependent on temperature which can be used to predict thermodynamic parameters associated with the adsorption process, for example, the change in the free energy (DG 0 ), enthalpy (DH 0 ) and entropy (DS 0 ) and they were determined by using the following equations:
where R is the gas universal constant (8.314 J/mol K) and T is the absolute temperature in K. DH 0 and DS 0 can be calculated from the slope and intercept, respectively, of the plot of ln K a versus 1/T.
Data analysis
All experiments were performed in triplicate and data were analysed by One Way ANOVA with p , 0.05 followed by a multiple comparison test (Tukey test) with a computer package of SigmaStat (version 3.1, Jandel Scientific, Chicago, USA).
Results and disscusion
Optimisation of physicochemical factors
Effect of equilibrium pH. The pH of solution has been proven as the most important variable governing metal ions adsorption onto adsorbent because hydrogen ions strongly competing with metal ions (Ö zcan et al., 2005) . It can be observed that, for MC, both RE and RC increased with pH from 4.0 to 6.5. In the lower pH range, there is competition between H þ and Cu 2 þ for ion-exchangeable sites, leading to a low removal of Cu 2 þ (Figure 1(a) and (b)). Moreover, at low pH values, the surface of MC would also be surrounded by H þ , which decreased the Cu 2 þ interaction with binding sites of MC by greater repulsive forces. As the pH increased, the overall surface on the MC became negatively charged and adsorption increased. The maximum adsorption at pH 7 -8 may be attributed to the partial hydrolysis of Cu 2 þ , resulting in the formation of CuOH þ and Cu(OH) 2 . Cu(OH) 2 would be adsorbed to a greater extend on the non-polar adsorbent surface compare to CuOH þ , leading to enhanced metal adsorption (Periasamy and Namasivayam, 1995) . Additional experiments would be performed at a pH range around 6 -6.5; however, pH 6.5 was too close to the precipitation point of Cu 2 þ . As a result, pH 6 was more preferable for selection. For AC, as the change in pH did not have any significant effects on the adsorption of Cu 2 þ , pH 6 was selected which can reduce the cost of any additional acid or alkaline solutions. For CER, both RE and RC decreased constantly when pH increased. This result showed that acidic environments, such as pH 5, with the high availability of H þ ions was needed for CER to remove Cu 2 þ in this case. Effect of concentration of adsorbent. The concentration of adsorbent is an important parameter because it affects the capacity of an adsorbent for a given initial concentration of the adsorbate. The RE of MC and CER increased drastically with increasing amounts of adsorbent from 10 to 60 mg and started to level off (around 97%) from 90 to 800 mg (Figure 2(a) and (b) ). The efficiencies of adsorption were increased because more binding sites are available for the complexation of Cu 2 þ . In contrast, the RE increased relatively slowly with increasing amount of AC from 10 to 1,000 mg and started to level off from 2,000 mg. This explained that the efficiency of removing Cu 2 þ by AC was much lower as high concentration of AC was needed. On the contrary, all RCs decreased significantly when the concentration of adsorbents was increased, which was due to unsaturated adsorption sites (Bulut and Hydýn, 2006) . Moreover, it was believed that excess adsorbents produced a 'shielding effect' on the dense outer layer of adsorbents. Thus, some binding sites would be protected and the effectiveness of adsorption would be reduced. By consideration of both RE and RC, 90 mg of MC (60 mg/chitin), 60 mg of CER and 800 mg of AC were selected for further Cu 2 þ adsorption experiments.
Effect of temperature. Both REs and RCs increased with increasing temperature from 10 to 40 8C for MC and AC (Figure 3(a) and (b) ). The RE and RC increased from 75.12 to 94.85% and 65.4 to 83.18 mg/g, respectively, for MC and increased from 78 to 91% and 4.6 to 5.4 mg/g, respectively, for AC. The increase in adsorption capacity indicated an endothermic process. Some authors reported that the increase in adsorption with temperature may be attributed to either the increase in the number of active sites available for adsorption or the decrease in the thickness of the boundary layer surrounding the adsorbent, so that the mass transfer resistance of adsorbate in the boundary layer decreases (Meena et al., 2005) . However, for CER, the temperature showed a lesser enhancement on adsorption capacity compared with MC and AC. One of the reasons was that the removal process of Cu 2 þ by CER was mainly due to the chemical exchange reaction (Cu 2 þ replace H þ ). In contrast, the removal process of Cu 2 þ by MC and AC are both a physical and chemical process in nature. For example, the pores that exist on MC and AC (physical) and the complexation on the adsorbents surface (chemical). As a result, the effect of temperature was more obvious on both MC and AC. Finally, 25, 35 and 40 8C were selected, respectively, for further adsorption experiments by MC, AC and CER. Effect of initial Cu 2 þ concentration. The adsorption of Cu 2 þ was studied at different initial Cu 2 þ concentration in the range of 5 to 1,000 mg/L. REs of all adsorbents decreased when the initial Cu 2 þ concentration increased as high Cu 2 þ concentration saturated the binding sites (Figure 4(a) and (b)). RCs increased consistently and linearly at low Cu 2 þ concentration. When Cu 2 þ concentration further increased, the RCs decreased (MC), levelled off (CER) and further increased (AC). At low Cu 2 þ concentration, RC increased rapidly because more metal ions could be adsorbed. However, the RC decreased when Cu 2 þ concentration was further increased because the amounts of binding sites were fixed. Therefore, a further increase in Cu 2 þ concentration saturated the binding sites which caused the decease in RC for MC or remained steady for CER. However, the increase in RC for AC could indicate that the binding sites were not yet saturated as a relatively high dose of AC was used.
Adsorption isotherms
The adsorption isotherms provide an understanding of the adsorption mechanism. They were obtained in terms of equations (1) and (2). The values of q max , b, k, 1/n and represents the adsorption process very well, in which, the r 2 values were all higher than 0.99, indicating a very good mathematical fit (Table 1 ). Since the Langmuir equation assumes that the surface is homogenous, this experimental data reflected that the adsorption process was due to a homogeneous distribution of active sites on adsorbents' surface. The maximum adsorption capacities (q max ) for Cu 2 þ on MC, CER and AC were found to be 53.19, 89.29 and 5.82 mg/g, respectively (Table 1) . For Freundlich isotherm, the adsorption intensity (1/n) reflects the system suitability, and the adsorption is considered to be favourable when 1/n , 1 (Sag et al., 2000) . In the present work, 1/n ¼ 0.29, which indicated the adsorption of Cu 2 þ by MC was favourable. The essential features of the Langmuir isotherm can also be expressed in terms of a dimensionless separation factor R L , which was defined by equation (3). The parameter R L indicates the shape of the isotherm accordingly: The value of R L indicates the type of the isotherm to be either unfavorable (R L . 1), linear (R L ¼ 1), favorable (0 , R L , 1), or irreversible (R L ¼ 0). From Table 1 , the R L values calculated indicated that adsorption of Cu 2 þ on MC, CER and AC were favourable (0 , R L , 1) for all initial Cu 2 þ concentrations.
Kinetic parameters of adsorption
In order to analyse the adsorption kinetics of Cu 2 þ , three kinetic models, the pseudofirst-order, pseudo-second-order and intraparticle diffusion models, have been applied. The kinetic parameters for the adsorption of Cu 2 þ on MC are given in Table 2 . The plots for the pseudo-first-order equation are not shown because the correlation coefficients for the pseudo-first-order model were lower than that of the pseudo-second-order model. The correlation coefficients obtained were greater than 0.9998 for the pseudosecond-order model ( Figure 5 ). These results strongly imply that the adsorption system studied follows the pseudo-second-order kinetic model at all time intervals and rate constants are affected by initial Cu 2 þ concentration. Also, this supported the assumption behind the model that the adsorption is due to chemisorption (Prasanna et al., 2006) .
The kinetic results were then analysed by using the intraparticle diffusion model. The plot of q t versus the square root of time (t 1/2 ) should be linear if intraparticle diffusion is involved in the adsorption process and if the lines pass through origin, the intraparticle diffusion is the rate-controlling step. When the plots do not pass through the origin, this shows some degree of boundary layer control and further shows that the intraparticle diffusion is not the only rate-limiting step, but also other kinetic models may control the rate of adsorption, all of which may operate simultaneously (Weber and Morriss, 1963) . From the results, all best-fit straight lines did not pass through the origin indicating that there was an initial boundary layer resistance. The correlation coefficients, r 2 , (Table 2) for the intraparticle diffusion at different initial concentrations did not exceed the values of 0.7682. This also indicated that adsorption of Cu 2 þ on MC is not diffusion controlled.
Thermodynamic parameters of adsorption
The thermodynamic parameters of DH 0 and DS 0 were obtained from the plot of ln K a versus 1/T. The Gibbs free energies (DG 0 ) were calculated from equation (7) ( Table 3) .
The negative values of DG 0 at all temperatures confirmed the feasibility of the process and the spontaneous nature of adsorption with a high preference for Cu 2 þ to adsorb onto magnetite-immobilised chitin. The positive value of DH 0 indicated that the adsorption of Cu 2 þ on MC was an endothermic process. The positive value of DS 0 showed the increasing randomness at the solid/liquid interface during the adsorption process.
Conclusions
The present study shows that MC prepared from low-cost material is considerably efficient for the removal of Cu 2 þ from aqueous solution. The adsorption is highly dependent on pH, concentration of adsorbent, temperature and initial Cu 2 þ concentration. Under optimised conditions, the removal capacities of Cu 2 þ for MC, CER and AC are 56.71, 74.84 and 6.55 mg/g, respectively. The equilibrium data fit well in the Langmuir model of adsorption, showing monolayer coverage of Cu 2 þ molecules at the outer surface of MC. The dimensionless separation factor (R L ) showed that MC could be used for the removal of Cu 2 þ from 20 mg / L 40 mg / L 60 mg / L 80 mg / L 100 mg / L Figure 5 Pseudo-second-order kinetic plots for the adsorption of Cu 2 þ on MC at various initial concentrations aqueous solutions. The kinetics of Cu 2 þ adsorption on MC follows the pseudo-second-order model. The thermodynamic parameters such as DG 0 , DH 0 and DS 0 indicated that the adsorption of Cu 2 þ on MC is spontaneous and endothermic in nature. In short, MC, which is an inexpensive and easily available material, can be used for Cu 2 þ removal as an alternative for a more operational friendly adsorbent in wastewater treatment processes.
